An investigation has been made into the plastic deformation behavior of a Monel alloy deformed at high strain rate of 10 5 s
Introduction
In the past few years, ultra-fine recrystallized grains have been observed in the adiabatic shear bands when materials were deformed to large plastic strains at high strain rates [1] [2] [3] [4] [5] [6] . In these literatures, the recrystallization was identified as 'dynamic recrystallization'. Based on Bailey and Hirsh's nucleation mechanism for recrystallization [7] , Derby [8 -10] developed a theory of dynamic recrystallization and thus he gave a general formula for the grain size and deformation stress. However, Hines and Vecchio [6] , through their studies on the recrystallization kinetics within the adiabatic shear bands formed in shock-prestrained copper deformed to high strain at high strain rate, concluded that the observed recrystallized grain sizes in the adiabatic shear bands could hardly be explained in terms of the existing kinetics of the two classical mechanisms of recrystallization, i.e. high angle boundary migration and subgrain coalescence.
On the other hand, Segal [11] , Ferrasse [12] and Valiev et al. [13] used Equal Channel Angular Extrusion (ECAE) to impose simple shear to some materials and got ultra-fine grain structure. The experimental results showed that the intense simple shear during ECAE at ambient temperature surely enhanced dynamic recrystallization.
In this paper, we report the results of dynamic recrystallization in the shear bands of Monel alloy deformed at high strain rate of 4.3× 10 5 s − 1 . The kinetics of recrystallized grain is examined, and an appropriate model for dynamic recrystallization is proposed.
Experimental procedure
A modified compression split Hopkinson bar is used to study the dynamic behavior of the alloy. The configuration of the 'hat-shaped' specimen is shown in Fig. 1 . Monel alloy with initial grain diameter of 15 mm stress (~), strain (k) and strain rate (k; ) in the shear band are expressed as follows respectively:
where E 0 and c 0 are the elastic modulus and elastic wave speed in Hopkinson pressure bar, L and w are the length and width of the shear band (w is measured on the section plane using metalloscope), d i , d e the geometrical parameters of the hat-shaped specimen shown in Fig. 1 ; e i (t) and e t (t) shown in Fig. 2 are the measured strains of the incident and transmitted stress pulse on the Hopkinson bars, respectively. The samples for transmission electron microscopy (TEM) were cut from the hat-shaped specimens by electrical discharge machine. After hand-grinding, the sample was reduced to a thickness of 0.150 mm, a dent upon the shear band was made using Gatan dimpler. Finally, the foils were prepared by electropolishing in a solution of 8 pct Nital at 243 K. used in this investigation has the following compositions (wt.%) Fig. 2 . Variation of the measured strain with the loading time. reason for this sudden drop is attributed to crack formation in the shear band as shown in Fig. 4. 
The microstructure within the shear bands
Observations by TEM reveal clearly the characteristics of the recrystallized grains in the center of the shear band with an average grain size of diameter of 150 nm and a low density of dislocation as shown in Fig. 5a and Fig.  5b . Diffraction pattern taken from the center of the shear band indicates that the maximum grain boundary misorientation is approximately 12 0 [14] . The pattern also shows that the shear band keeps FCC structure just the same as the matrix. In other words, there is no phase transformation occurring during the high speed plastic deformation.
The microstructure evolution during the plastic deformation is the essential issue of this research topic [15] [16] [17] [18] [19] . It is rather difficult to observe directly how the microstructure is evolved in the deformation process. Fortunately, the microstructural characteristics in different parts of the transition region between the band center and the matrix is an indication of the evolutional processes occurring at successive strain stages in the center of the shear band since the strain decreases gradually from the maximum within the band center to zero far in the matrix. Therefore, from the elongated cell structures in the transition region shown in Fig. 6a and slip traces observed in the matrix grains near the band (see Fig. 6b ), it is reasonable to deduce the evolution in structure in the band at different strain stage as follows. At the beginning of the plastic deformation in the band, gliding occurs in the favorable slip planes, and a large amount of dislocations is produced between in the slip planes. Thus dislocation boundaries and typical lamellar structure with elongated cells due to the inhomogeneously distributed dislocations appear out. These have also been observed within the shear bands of some other materials such as steels [15] [16] [17] [18] [19] and aluminium [20] .
Results and discussion

Flow stress-strain response
When the specimen was loaded by Hopkinson pressure bar, the force applied to the shear band was directly measured by the strain gauges on the incident and transmitted bars, shown in Fig. 2 . From Eq. (2) and the time functions of the incident and transmitted pulse strains, the strain rate within the band can be obtained indirectly. Hines and Vecchio [6] have pointed out that the starting time for the shear band formation is just the instant when the strain rate reaches the first vibration peak. Therefore, the relationship of the plastic flow stress to the strain in the shear band can be easily obtained using Eq. (1), Eq. (2) and Eq. (3) and the measured data, this is shown in Fig. 3 . Generally, the plot of shear stress vs. strain is divided into two stages. In the first one, the stress is essentially constant, implying that there is a balance between the hardening and the softening in the shear band. In the second stage, the stress decreases sharply with the increasing strain. The 
The kinetics of recrystallization-grain formation and growth
With increasing strain or strain rate, substantial dislocations are trapped in the cell walls, which make the subgrains rotating to accommodate further deformation [21] . From the energy balance equation, we obtain:
where p is the boundary energy density, D 1 is the equivalent diameter of cell structure (or subgrain); hvb 2 , the energy per unit length of dislocation (h: a constant of 0.5 1.0) [22] ; l, the cell wall width and z ; w , the dislocation density rate within the cell wall. z ; w is given by the following expression [21] 
where z m is the mobile dislocation density. Substituting Eq. (5) into Eq. (4), the following expression follows immediately,
From Eq. (6), before the appreciable grain growth occurs, i.e. incubation period, the subgrains will keep their sizes D 1 essentially unaltered. Then, the subgrains likely begin their rotation as a main mode of deformation. For small misorientation boundary, Derby [9] derived the relation p= vbq, where q is the subgrain boundary misorientation angle. Putting the D 1 =con-stant in Eq. (6), the kinetics for the subgrain rotation turn out to be:
That is to say that the rotational rate is determined by z m k; and that the subgrain boundary misorientation angle increases continuously with the strain until the misorientation angle is of such value that the boundary becomes easily migratory. In other words, the subgrain with average diameter D 1 now become the recrystallizing centers capable to grow further with the continuous deformation. Referring to the left hand of Eq. (6), the second term will now dominated over the first term, and so assuming p=constant, the grain diameter (D 2 ) of the recrystallized grains will be a function of strain:
The solution of the Eq. (8) is
where k c is the critical strain for the subgrains stopping their rotation and starting migration. This shows that if the recrystallization occurs during the deformation, the grain diameter increases with the strain, i.e. the recrystallized grain diameter increases with time since the strain rate is a constant. This result is consistent with that for large deformation studied by Dunne et al. [23] . Eq. (9) is suitable for the continuous deformation at high strain rate since, once the deformation has ceased, the dislocation density within the grain boundary can be decreased from 10 12 to 10 13 cm − 2 to 10 8 to 10 9 cm − 2 in a very short duration such as 10 ms [21] . In the case of discontinuous deformation, z m in Eq. (9) is likely to decrease also due to hardening or locking so that B in Eq. (9) tends to diminish in the later stages of deformation. The combined effect of the diminishing B and the increasing k will counter act the growth of D 2 . When a metal is subjected to plastic deformation, most of the work done in the deformation process is converted into heat. Thermal energy certainly would have some contributions to the grain growth. First of all, we can evaluate the temperature in the shear band using the following expression, which is otherwise difficult to measure directly.
where T 0 is the test temperature (room temperature: 298 K), i is the fraction of plastic work converted to heat, i 0.9, z is the mass density, c is the specific heat. From the shear stress-strain curve shown in Fig. 3 and Eq. (10), T is calculated and shown also in Fig. 3 .
The temperature in the shear band increases linearly with strain before cracking occurs. Because the strain rate is essentially constant, the temperature varies linearly with the deformation time as well. It is worthy to note that the highest temperature within the band is 1165 K at the point F on the flow (shear) stress-strain curve (Fig. 3) , which corresponds to the band cracking. At such a high temperature, atomic migration under a certain driving force should be taken into account for grain growth. Valiev et al. [13] formulated the grain growth rate under such circumstance,
where D B is grain boundary diffusion coefficient, k is Boltzmann's constant, T is the absolute temperature and F is the driving force. Now D 3 stands for the instantaneous grain size. Since D B is proportional to vacancy content in the grain boundary,
where C v and D B V are vacancy concentration and vacancy diffusion coefficient in the grain boundary, respectively. As dislocations are absorbed into grain boundary, more vacancies are expected to appear in the grain boundary. These excess vacancies increase the grain growth rate as can be seen from Eq. (11) [24] . Clark and Alden [25] have further proposed an 'excess' vacancy model for the interpretation of deformationenhanced grain growth during superplastic deformation expressed as follows:
where D B 0 is the usual grain boundary diffusion coefficient, k 1 is a constant, is the vacancy relaxation time.
In the case of the high speed deformation, tB B we may obtain the following expression
On the other hand, Valiev [13] has given that the driving force is
d =b 3 is the atomic volume,~i is the applied shear stress, E is the elastic modulus.
Substituting Eq. (12), Eq. (14) and Eq. (15) into Eq. (11) and taking p=1 for simplicity [13] , we obtain the grain growth rate if we consider the thermal grain growth alone,
where D% 0 and D¦ 0 are the preexponential factors, Q B is the activation energy of grain boundary diffusion, Q B V is Table 2 Relevant parameters of tested materials [9] the activation energy of grain boundary vacancy migration and R is the gas constant. Since the excess vacancies are created by dislocation annihilation within grain boundaries, the thermal activation of the vacancy formation is not necessary in the boundary and we need only to consider the migration of vacancies. So it is plausible to assume D% 0 = D¦ 0 . So far, we have separately formulated the effect of high strain rate and the atomic thermal migration on the kinetics of the recrystallization. The former is an athermal process, and the later is obviously temperature dependent. It is plausible to superimpose simply these two effects, and then the grain growth rate could be expressed by the following differential equation from the Eq. (16a) and Eq. (9)
This equation could be solved only using numerical method by means of a computer. In order to solve this differential equation, the initially growing recrystallized grain size (i.e. D 1 in Eq. (7)), the critical strain (k c ) for the grain starting to growth and the mobile dislocation density z m have to be known. Clifton [27] has given that the mobile dislocation density z m =2.4 ×10 12 m − 2 at a strain rate k; =2.4× 10 5 s − 1 for pure metals. The mobile dislocation density in alloys is usually less than that in pure metals due to the much more blockades in an alloy. Therefore, as a working example, we are plausible to take the mobile dislocation density in Monel alloy as z m = 10 11 and 10 10 m − 2 and assume k c =4.3 (the reason for this value is given elsewhere) and three values of recrystallized initial grain diameter D 1 =30, 50, 70 nm. The values for D% 0 , Q B and Q B V are all taken from those of pure nickel since Monel alloy is a nickel based alloy. Other relevant constants used in the solution of Eq. (17) are listed in Table 2 . The calculated results are shown in Fig. 7 . It can be found that the grain diameter (D) increases almost linearly with the time (t), and then exponentially increases with the time after several microseconds. From  Fig. 3 , it is seen that the final strain in the shear band of Monel alloy is about 10. In this example, the recrystallized grain has grown for 14 ms from the beginning of dynamic recrystallization to the end of the deformation and the grain size finally reaches 130 200 nm, see Fig.  6 . This is quite in accord with the observation by TEM. 
The microstructures in the transition region between
the shear band and the matrix is the typical lamellar structure and elongated cells. This suggests that the microstructure in the band undergoes successively the dislocation multiplication, inhomogeneous distribution, the grain subdivision by dislocation boundaries, and the subgrain rotation during the plastic deformation. The subgrain rotation rate is proportional to the strain rate. The recrystallized grains start from those subgrains having separated by high angle migratory grain boundaries. 3. Based on the grain energy change and diffusion mechanism, the grain growth kinetics is developed concerning the high speed plastic deformation. The analysis shows that the plastic strain rate and the density of mobile dislocation play the key role in the new recrystallized grain formation and growth during the plastic deformation. If the temperature rise in the shear band is high enough due to adiabatic heating, the recrystallized grain growth is also controlled by atomic thermal migration. In this process, the strain rate effect is still noticeable. 
